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THE EFFECT OF THE OPTIMUM CHAMBRAGE ON THE MUZZLE VELOCITY OF GUNS
WITH A QUALITATIVE DESCRIPTION OF THE FUNDAMENTA!, PHENOMENA
OCCURRING DURING GUN FIRING

Prepared by:
Arnold E. Seigel

ABSTRACT: A qualitative description of the effect of chambrage, the
increase in cross-sectional area in going from the berrel bore to
the propellent chamber, is presented. Included in the discussion
are the effepts of the other fundamental factors which determine the
pressare behind a projectile, vis., the burning of the propellant,
the presence of the breech end, and the accelerating rrojectile
sotion., The desoription is given ir terms of tne rarefaction and
oompression impulses vhich are present in the propellant ges during
the firing of a gun.

In ballistic calouletions, chambrage is treated by assuaing that the
actual chamber can de replaced by an equal volume imegined chamber
of cross-sectional area equal to that of thz Lore. From the quali-
tative description of chambrage, it is seca thet this metbod of
treatment ey be in error. The posaible sise of this error is
indicated by a calculation of the mussle velocity of a gun with an
optimm, most favorable oondition of chambrege - a condition
approached by a gun vith either a largs, vell-shaped chamber or with
a propellsat twrning at the proper rate in a ssaller chember. This
caloulation demcnstrates that the mussle velocity of the optimum
chanbrege gun is as much as 28 per cent greater than that of the
oomparable oonstant diameter gun.
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chambrage (the increase in cross-sectional area in going the
barrel to the chamber of a gun) ongthe mussle velocity of g.s.

It wvas carried out under the sponsorahir of the Bureau of Ordnance
project NOL-Re5a-30-1-53. ¢

The author wvishes to acknowledge the help of Mr, Robert Mooro,/
vho did many of the numerical calculafjons for this report. The
author especially wishes to thank Dr. Z. I. Slawsky of the Naval
Ordnance Laboratory for his inspiring intciest and help in the
performance of this worlk, !

This report presents the results of a stuly nf the effect of!
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THE EFFECT OF THE OPTIMUM CHAMBRAGE ON THE MUZZLE VELOCITY OF GUNS
WITH A QUALITATIVE DESCRIPTION OF THE FUNDAMENTAL PHENOMENA
OCCURRING DURING GUN FIRING

I. INTRODUCTION

The effect on the mussle velocity of guns of chambrage, %he
increase iu oross-sectional arex in guing from the barrel bore to
the propellant chamber, has not becu Juantitatively determined.

For such a determination it would be necessary to apply a numerical
characteristics method in two-space dimensions (axial and radicl) to
the unsteady problea. However, until the present time this procedurs
has not proved feasible.

In ballistic calculations, chambrage is universally treated by
assuning that the actual chamber can be replaced by an equal volume
imagined chember of cross-Sectional area equal to the bore cross-
sectional arsa. This assumption is employed because of the lack of
any other method of dealing with chsabtwrage; experimental results of
gun firings are inoconclusive as to its wvalidity.

In this paper the effect of chaabrage on ths mussle velocity of
guns is obtained for an optimum, most favorable condition of
chasbrage. This condition of “optimum chembrege® is & limit vhich
As approached, but never exceeded, bY iodern guns.

Consideration 1is also given here to the factors oiher than
chanbrage vhich determine the pressure behind a projectile, viz.,
the burning of the propellant, the presence of the breech end, and
the acoelersting projectile motion. These are qualitatively
examined belowv. The effects of the irreversidbilities (such as
gas-vall friction, gas visocosity, projectile friction) and the heat
trannfer from the propellant gas to the gun barrel walls ococcurring
during firing are not discussed.

I1. A QUALITATIVE DESCRIPTION OF THE EFFECT OF
CHAMBRAGE ON MUZZLE VELOCITY

When the projectile in a gun begins to move, expansion (also
termed rarefaction) disturbances or impulses are sent back to the
treech. These rarefaction impulses are characterised by the fact .
that they decrease the pressure and densi®y of the gas through which
they pass (in contrast to compression impulses vhich increase the
pressure and density of the gas through which they pass). This
pressure drop results from the fact that gas is accelerated by the
rarefactions "shed" from the accelerating projectile; hence, this
pressure drop is designated here as the "pressure drop from the
accelerating projectile motion". In Appendix I this pressure drop
is discussed, and an analytic expression is given for it.
the entire movement of the projectile in the barrel, the projectile
continues to sned these rarefactions which travel toward the breech
at the lccal velocity of sound of the propellant gas. SJoasequently,
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the pressure of each portion of the gas behind the projectile drops
(or tends to drop) continuously as the projectile accelerates toward
the muzzle; in particular, the pressure of the gas portion directly
beitind the projectile drops the most, since all of the rarefactions
travel through this gas portion initially.

In a gun with no chambrage, 1.e., a constant cross-sectional area
gun, these impulses upon reaching the breech end are reflected ms rare-
factions and travel up the barrel toward the back end of the projec-
tile, lovwering the pressure of the gas through which they travel. When
they reach the back end of the projectile, these impulses, sent forward
because of the presence of the breech, lower the pressura behind the
projectile; consequently, the projectile's velocity is not as large =s
it would he if these rarefaction impulses had not reached the projec-
tile (as in the case when the breech end is sufficiently distant fron
the projectile that the projectile is out of the barrel before the
rarefactions reach it).

A more complex phenomenon cccurs 4n a gun with cheambrage, i.e., &
gun with e chamber whose cross-sectional area is larzer than that of
the bore. In such a gun a part of each of the rarefaction impulses
shed from the back of the moving projectile is reflected as a
ggm;sn impulse at the section where the bore cross-sectional area
increases”; this compression impulse upon reaching the projectile tends
to raise the pressure behind the projuctils and thus increases the pro-
Jectile velocity. The remaining part of the rarefaction impulse con-
tinues its travel toward the breech stilli as a rarefacticn; at the
breech it is reflected as a rarefaction impulse, and at the scotion of
area decresse a portion is reflected still as a rarefaction impulse,
while the remaining portion continues its travel toward the projectile
as a rarefaction impulse. This sequence of events continues as the
projectile moves along the tarrel. Therefore, the projectile in a gun
with chumbrage experiences t¢s a result of the change in area section
and the presence of the breech a combination of compression and rare-
faction impulses, To reiterate, superimposed on the ever-present
pressure drop from the accelerating projectile motion is a further
pressure drop from th: rarefactions sent forwvard as a result of the
presence of the breech and & pressure rise from the compressions sent
forward as & result of the increase of area section,

The rise in pressure of the gas behind the projectile as a result
of the compression impulses reflected from the change in area section
is Jetermined by the "effectiveness" of these compressions and by the
amount of compressions that are reflected. The effectiveness of the
compressions depends on two factors. The firsi is the velocity of
the projectile. For a given projectile velocity there corresponds a
maximum rise in pressure possible by the action of the compression

*This is evident upon realising that the gas flowing from the larger
chamber to the smaller bore section &3 a result of the rarefaction
impulse from the projectile ‘ends to orowd or compress the gas in the
barrel bore section.

2
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impulses, (This follows from the energy conzorvation law; the
principle stated loosely is that the gas causing the "push" on the
projectile drops in internal energy and therefore in pressure in order
to gain the necessary kinetic energy to "push",) This point is
elaborated upon in Appendix II, The possible rise in pressure from
the compression impulsss begcomes less and less as the projectile
velooity inocreases. (See Appendix I1I.)

The second factor determining the effectiveness of the compression
izpulses is the thermodynamic state of the gas in the chamber at rest.
Any of the thermodynamic properties of the gas at rost; such as
enthalpy, sowd velocity, or pressure can be used as the oriterion
here, If these thermodynamic stagnation properties drop in wvalue
duking the firing of a gun, the subsequent compressive effect of the
gas in the chamber also drcps; if they rise, the compressive effect
rises., (See Appendix II),

It is to be stated that in contrast to the 2Zfects of the
reflected compressions the effects of tie rerefaction impulses do not
diminish either with increasing projectile velocity or decreasing
thermodynamic stagnation state. The rarefactions traveling between
treech and projectile will, if the barrel is sufficiently long,
decrease the pressurs bshind the projectile to sero,

The amount of the compression imnulies that are reflected from the
change in area section iz a function of the gun gsomatry, Trn a gun
with chambrage, the greater the increase in ciross-sectional zrea in
going from the barrel bore to the chamber, the greater is the
proportion of the shed rarefaction that is reflected as a compression,
Therefore, the amount of the compression impulses sent back to the
projectile is governed the sise of chamber diameter relative to the
barrel bore diameter, D/d* (sees figure below). PFor the purposes of
this qualitative desoription one may consider that with an infinite
D/d no part of a shed rarefaction would be transzitted as a rarefaction;
all of it would reflect as a compression,

1

g
L<t.~>-| :

#The shape of the transition scotion between the chamber and the
barrel is unimportant for this discussion.

I
|
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The length from the change in area sestion to the breech, L,
determines the time taken for rarefactions to reflect from the
breech; the smaller L is, the more quickly the rarefactions reach the
projectile and tend to lower the prelectile velocity., Also, the
smaller L, the more quickly the rarefactions travel back and forth
in the chamber and lower the stagmation gas properties, This
lowering, as noted atove, dasressas the effectiveness of reflected
compresaious,

It seemns reasonable that there exists the possibility of a gun
with a chambrage such that the reflected rarefaction and compression
impulses sent forward to the projectile cancel one another, and
consequently the projectile experiences no change of wvelocity as a
result of the reflected impulses; the pressumm bshind the projectile
would only drop from the accelerating proiaciile motion. This
oconditior wonld sipulate the constant area gun with the breech
sufficiently removed from the projectile so that it doesz't influence
the projactile’s motion., (This is the case c£ ine constant cross-
sectional area gun with effectively infinite chamber volume.) The
condition of complete cancellation of reflected impulses, however,
could not persist inderfiaitely, because the compressions would become
less effective as the projectile wvelocity inoreused and as the
stagnation oonditions in the chamber decreased, Hence, if the
barrel were sufficiently long, the pressure -2 ine gas dbehind the
projentile would eventually decreasc as 2 result of the reflected
impulses, as woll a3 from the accelerating projestils motior,

From this discussion it is evident that increasizg either the
chamber length L or the ckauver diameter D (see figure above) will
inocrease the projectile velocity., However, the two effects ocour for
different reasons, Increasing L prevents the rarefactions present
from reaching the projectile before it is out of the barrel, and it
increases the effectivensss of the compressions present. Inoreasing
D decreassa the amount of rarefactions present and increases the
amount and effectiveness of the compressions present., Thus,
inoreasing D provides the opportunity of increasing the projectile
velooity to a greater value than by increasing L, This is seen from
the following example, With infinite L and finite D equal to d, the
projectile receives neitber reflected rarefactions nor compressions,
However, with infinite D and finite L, the projestile receives only
compression impulses, and as a result the rrojectile velocity is
greater than in the infinite L case,

It is apparent from the above reasoning that the method of
treating chambrage in universal use, the replacing of the actual
chamber by an equal volume imagined chamber of cross-sectional area
equal to that of the bove, although qualitatively correct, may be
quantitatively in error, Mirther, reasoning from this qualitative .
description of the effect of chambrage, one concludes that the
projectile veloscity 1s greater in a gun with chambrage than in an

CONP’IéEN’I’IAL
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equal chamber volume constant cross-sectional ares gun for

(1) ali cases in the ecrly stages of projectile motion during
which the compressions have reached the projectile and the reflected
rarefactions have not, and

(2) in the later stages for the cases in which the effect of the
compressions is larger than the effecy of the reflected rarefactions®,

Henoe, the conventional method of troatment yields muzizle velocities
which are low in these cases, To determine whether the difference in
velocity is significant or not requires a quantitative calculation.
Below the results of such a calculation are given.

I1I. QUALITATIVE DESCRIPTION OF THL BURNING PROPELLANT

In this discussion it is assumed that the propellant burms only
in the chamber volume, not in the barrel seatirn, (Although in
reality the propellant may move during iiring, it is to be noted
that any increase in projectile velocity due to the movement of the
propellant will be in the first approximation offset Ly the loss of
euergy of the propellant gas in moving the unbumat propellant.
Comasr, reference 1, points out that in the conventional gun the
movement of the powder is unimportant.)

Sinoe the burning of the propellant produces gas in the chamber,
the burning can be viewed as the creation of compression impulses,
Thus, from the burning propellant, compreasions are issued which
travel to the projectile, Becauss of the chambrage the compressions
in going from the chamber to the btarrel are partly reflected and the
remaining portion tranmmitted at the decrease of area seotion,
Hence, chambrage in this situation has the effect of delaying part
of the campressions sent forward to the projectile by the twrning
propellant; however, these delayed compression impulses traveling
back and forth in the chamber maintain or increase the chamber
pressure, and therefore maintain or increase the effectiveness of
the compressions sent to the projectile as desoribed in the
previous section,

If the pressure in the gun is limited to some peak value, the
burning of the propellant can provide gas substantially et rest in
the chamber at this given peak value, A less favorable burning rate
would provide gas in the chamber at a lower pressure, and con-
sequently the projectile velocity would be less, Therefore, the
optimm burning rate is one which will provide gas at the peak ~tag-
nation pressure during tho entire time that the projectile is in the-
barrel, The equivalenos of this optimum burning rute condition
to an optimm chambrege condition will be pointed out later,

*If the gun were sufficiently long, the effect of the compreasions
would eventually beoome loss than that of the rarefactions,

5
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IV. QUALITATIVE DESCRIPTION OF WHAT OCCURS IN A GUN*

In an actual gun the ignitiocn of the propellant causes the
preduction of pas. This gas increases the pressure in the chamber
and behind the prcjectile by means of compressions, and the projectile
bezins to move. During the early stages of the motion the gas directly
behind the projectile rises higher and higher in pressure, primarily
a3 a result of compressions it receivas from the burning propellant in
the chamber. In addition compressiorns reflected at the change in area
section are sent to the projectil.. At the sams time and during the
entire travel of the projectile in the barrel the pressure of the gas
directly behind the projectile tends to drop (or drops) as a result of
the accelerating projectile motion. 7This pressure drop from the
accelerating projectile motion is always present and increases with
increasing projectile velocity. However, in the initial stages the
compressions, primarily from the burning gas aid secondarily from tha
change in area section, preatly overcome the diop in pressure frum tilis
aceslerating projectile motion, and the pressure behind the projectile
continues to increase,

At some time after the projectile motion has begun, the rarefactions
which have been reflected from the breech and partly transmitted through
the change in area section reach the gas berind the projectile, tending
to lower its pressure. However, in the usual cace the pressure behind
the projectile csntinues to rise, althouyn less rapidly, as a result
of the compressions producsd by the burning propellant until a peak
pressure is reached. Then, the pressure behind the projactile begins
to decrease, primarily because the compreasions from the bvring pro-
pellant are weaker and are failing to maintain the peak stagnation
pressure in the chamber,

After the propellant is completely bumed, the gas receives weak-
ening, i.e., less effective, reflected compressions from the change in
area section. (These compressions weaken as the charber stagnation
pressure decreases and as ihe projectile velocity increases,) However,
these compressions are insufficient to prevent the gas from dropping
in pressure from the accelerating projectile motion and from the rare-
factions reflected from the breech. Therefore, the pressure behind the
proje;tilo drops in this final stage of projectile motion in the gun
barrel,

In summary the tendencies for changes in pressure of .t.ho gas behind
a projectile occurring in a gun and their causes are listed below.

¥In thls section the eflfects of Impulses which are sent to the pro-
Jectile for the second time (as a consequence of successive reflections
between breech or change in area section and projectile) are not dis-
cussed, since a description of the successive reflections is unessential
and may confuse the qualitative picture presented,

6
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(1) The drop in pressure from the accelerating projectile motion
is present during the entire projectile travel and beccmes greater
with increasing projectile velocity.

(2) The rise in pressure from the compression impulses produced by
the burning propellant is present during the burning period and is
greatest for conventional guns in the middle of this period.

(3) The drop in pressure caused by the rarefactions reflected
from the breech is present in the later stages of projectile motion,

(L) The rise in pressure from the compressions reflected from the
change in area section is present during the entire projectile motion,
but it is less in the later stapes,

V. APPROXIMATE METHODS OF ACCOUNTING FOR CHAMBRAGE IN GUNS

Since the exact =olution for a gun with cianvrapre has not proved
feasible, one can resort to several approximate methods of treating
the problem. These would include the following:

(1) The change in area fram the chamber to the barrel can be
assumed to occur gradually. Then, the one dimensional characteristic
method can be applied to this change in ares cuiction. The character-
istic equations become for the change in area section

2 (ute) +(usa) (ut o)=s S 98 ()

where u is the gas ve;ocity a is the sound velocity,0" is the Riemann
function (equal to dr/ae) g ), and A is the cross-sectional
area of the cas lqor at position x and time t. (For the derivation
and application of these equations, see references 2, 3 and L.)

The  usual one dimensionsl unsteady flow characteristic equations
can be applied to the constani area barrel section and to the constant
area chamber section. These are

-%:(u.to-) + ("t“)%x (wtao)= 0, 2

(2) It can be assumed that the change in area occurs suddenly from
the larger diameter chamber to the smaller diameter barrel, At the
discontinuous area position the chanpge in state of the gas can be
obteined by pplying the steady state equations of continuity and

energy:
?,u-'Ai = 9a“zAr. )

X
u -

< th= '5.} * h,
wvhere subscript "1® refers to the chamber, and subscript "2" to the
barrel, and wiere  is the density, and h the enthalpy of the gas.

7
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The one dimensional characteristic equations (2) can be applied to
the constant area chamber section and to the constant area barrel

section,

(3) A third possible meth:d of treatment is to assume that all the
ras is at rest at the same thermodynamic state in the chamber At the
change in area section the sitealy flow ¢nergy equation can be applied.

he(t) =% + hz | (1)

where ho(t) is the stagnation enthalpy in the chamber, and the sub. cript
nzZn refars to conditions at the entrance to the barrel, It is to be
noted that Mo (t) here is a function of time and depends an the quantity
of ¢as 1ssuing from the chamber (A, ¢, Wz Js In the barrel section

the one dimensional characteristic equations (2) can be applied, This
method of treatment is probably satisfactory for large chambered guns,

The determination of the accuracy of sy of the above methods of
treatment must await experimental investigation, Such experimental
investigation of chambrage is now being performed at the Naval Ordnance
Leboratory and will be reported later,

For the purposes of ballisties the burning of the propellant must
necessarily be accounted for, It is advisctle in the first two approxi-
mate treatments of charbruge shove to treat the buming o ‘he prosellant
in the chanber by the method of Carriere (reference 5); f£-r the third
approximate method the usual ballistic treatment o~f burnang can ts
applied. (See Corner reference 1,)

VI. THE CONDITIONS OF OPTIMUM CHAMBRAGE

It is proposed here to obtain quantitatively the effect f cham-
brage under +ne following conditions:

(a) The propellant bums instantaneously in a chamber of sufficient
volume such that the gas in the chamber remai.s effectively at rest in
a constant themmodynamic state at the peak pressure Po during the
entire travel of the projectile in the barrel¥,

(b) The chamber is physically shaped such that the high pressure
ras effectively at rest in a constant thermodynamic state in the
charber is close to the teginning of the barrel section,

These two conditions taken together mean that the flow of gas from
the chanber to the beginnineg of the barrel can be describad by the
steady flow energy equation., This is demonstrated in ‘he paragraph
belw.

¥Note that conditicn (a) does not mean that all of the gas In the
chamber is at rest, -
8
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For unsteady gas flow without heat transfer the continuity equation
and fir-t law equation yield for a gas layer (see Appendix III)

2 .12
—g-t(%wh) =3 L, (s)

where the left-hand side of the equation desirnates the time rate of
change indp + h for a particular layer of zas. This equation can be
rewvritten as

T
A(E+n) = [ (F3RVdt.

Here the left-hand member is the change in % 4 h  during the time
taken for the gas layer to travel from the ;Eamber to the beginning of
the barrel., If this time T is small, by equation (6) the change in
% + h , is small. Thus, if condition (b) is satisfied, the change
in +h is negligible. If condition (a) is satisfizd, the
enthalpy for the gas at rest in the chamber remains constant. Therefore,
the two conditions together nsv.;lt in the steady flow energy equation,
W

h, = -E-z + hz 3 (7)
where the subscript "o" refers to the stagnation state of the gas in
the chamber, and subscript "2% refera to the state of the pas at the
beginning of the barrel section., Here Ve 13 constant and does not
vary with time by condition (aj)e o

By ®optimum chambrage® it is meant that the two conditiomns (a)
and (b) are satisfied and hence that equation (7) describes the relation-
ship between the thermodynamic statc of the gas at rest in the chamber
and the gas at the beginning of the barrel section,

If either condition (a) or condition (b) is not satisfied, the
projectile velocity will be less than if these ccnditiocns are satisfied,
This conclusion is evident if one assumes that the gas is ideal and
isentropically expands from rest from the chamber to the beginning of
the barrel section. Then, equation (6) becomes

Lo nfl @]+ ($R e

If condition (a) is not satisfied as a result of the stagnation pressure
o Or enthalpy h‘ being lowered, or if condition (b) is not satisfied

as a result of {°P/At €t being not negligible - note r/et in chamber is

alvays negative for guns when (a) is satisfiod and (b) is not « then

it is seen from equation (8) that the velocity Wz of the gas at the

beginning of the barrel section will be less for a given pressure PpP;

at this point than if these two conditions are satisfied; thus, er

these circumstances the projectile velocity (which is determined by

the conditions at the beginning of the barrel) will be lesc,

Therefore, (a) and (b) are the conditione for maxirum possible
nrojectile velocity; under no circumstances can the projectile velocity
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of a gun exceed this velociiy*®. Hence, the term "optimum chambrage"
is rigl .fully epplied to these conditions.

It seems logical that the optimum chambrage conditions can also be
achisved by a propellant which burns in the chamber in such a manner
as to provide gas at rest close to the beginning of the barrel section
in a constant themmodynamics state at the maximum sllowable pressure
P, during the ontire projectile travel. However, upon closer exami-
nation (in Appendix IV) it is found that if the propellant burns in a
chamber whose diameter is less than about one and one-half of the
barrel diameter, the conditions of optimum chambrage cannot be satis-
fied, and the projectile velocity will be somewhat less than the
optimum chambrage projectile veloecity. If the chamber diameter is
larger than about one and one-half that of tli. barrel diameter, the
"optimum burning progolhnt" can effectively achieve the conditions
of optimum chambrage**.

Thus, in most instances the optimum chambrage conditions can be
approached by either a large, well-sheped chamber or a propellant
burning at the proper rate in a smaller chamber,

VII. THE METHOD OF CALCULATION OF THE PROJECTILE VELCCITY
FOR THE OPTIMUM CHAMBRACZ GUNDITIONS

In order to determine quantitatively the effect cf optirum
chambrage on the muzzle velocity, a numerical ca)culation was mede
for a gun with optimum chambiage. The propellant gas is assumed to
be ideal with a ratio of specific heats, ¥ , of 1.4. (The method
used, however, can be applied to an imperfect gas or an ideal gas of
any ¥, See reference 2.) The gas in the chamber of the gun is

*This is true if the propellant burns only in the chamber; it would
not be true if the propellant burned while being carried with the
projectile. In this case of & "rocket projectile" the mass to be
accelerated is the projectile mass plus that of the propellent carried
with the projectile. However, the pressure accelerating the pro-
Jectile can be the maximum allowable gun barrel pressure.

##In a comparison between bellistic performance calculated from
Pidduck's special solution and from the numerical equations of motion,
Lorell (reference 6) uses equation (7) to correspond to the burning of
liquid propellant in a constant cross-sectional area gun. He apper-
ently employs & numerical characteristics technique siailar to the one
used here. The principal difference lies in the interpretation placed
on the boundary condition (equation 7). As pointed out in the text,
it is here maintained that the conditions of equation (7) cannot be
achiieved by a propellant burning in a constant cross-sectional area
gun as Lorel) assumes.
10
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assumed to expand isentropically from its initial rest conditions to
the conditions at the beginning of the constant cross-sectional area
barrel. As the gun is one of optimm chambrage, equation (7) describes
the expansion from the chamber to the beginning of the barrel.
Ineertion of the isentropic condition in this equation results in the

following: . s 5_-7!
o A P -
—EL = hg -h = "G.' ' - (—p{) ’(9)

where the subseript "2" refers to the state of the gas at the begin-
ning of the barrel, and the subscript "o" refers to the constant sta'e
of the gas at rest in the chamber.

The assumptions of the theory used to describe the motion of the
gas and projectile in the barrel section are the following:

(1) The gas motion is one dimensional in space.
(2) Each part of the gas expands isentropically.

(3) The projectile is unopposed by air pressure and frictional
forses.

The problem is calculated for the case in whici: the bsck end of
the projectile is initially positioned at the beginning of the uniform
area barrel section. The following dimensionless vuriables are
employed in the solution:

% Po A X - A x
X WEG-ES, C ZE LW

o At . _PAt
Méﬁx-ol Q. 5 a,M '’ i
10

E—.' = —-‘L'- )

2 (‘&-l o, 5 Qo
3= o = Q.

[z/(z-u)]a. 5a. '’
= = -& = - 0' x
P Po ! o ‘g': = 20e/(¥-1) '5%.'. .

The symbols employed in the above sjuations are defined in Table II
at the end of this report.

Since the gas is ideal and each part expands isentropicaily,
11
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¥=1
(11)
e - “¥/(%-1) =
P = <2
Equation (9) becomes .
= o2 = 128 (12)
= il

Thus, the gas themmodynamic state at the beginning of the barrel
section is related to the constant state uf vhe gas at rest in the
chamber section by equation (12).

The one dimensional unsteady charzniciistic equations (2) becoms
for the pas in the barrel

2 (Lt T +(LtTA)H(L2TF) =0, w)

The equation for the projectile acceleration can be written in tems
of the pressure of the gas directly behind {nhe projectile,

ae -
S = P. (1L)

From the boundary conditicns (12) and (1) and the gas characteristic
equations (13) the entire behavior of gas and projectile during the
expansion process can be cbtained, '

To calculate the projectile velocity from equations (12), (13) and
(14) it is necessary to use the step-by-step rumerical characteriztics
method. (This method is cutlined in references 2, 3, 7 and in many
other reports.) This requires that a characteristic net (two sets of
intersecting characteristic liness one with slope U+@ along which
W+ Oris constant, another with slope U-@& along which U~ & is constant)
be used, The characteristic lines forming the net can be interpreted
as the paths of disturbance impulses, since as one goes along a
characteristic line, one travels at the same speed az a disturbance
would, that is, at the local velocity of sound relative to the moving
gase

A schematic drawing of the characteristics diagram in the position
plane used in this calculation is shown in Figure 1, while a portion
of the actual characteristics diagram is shown in Figure 2., In Figure
1 the points 0, A, B, C, D, etc., are points on the projectile path;
the line, X =0 , represents the beginning of the constant area barrel,

To begin the numerical solution, point A on the projectile path was
taken with a velocity W equal to a small value, ,0l, The pressure p,
at this point was assumed to be equal to 1,0. (Thus, the assumption

12
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was made that the velocity which the projectile had reached was suffi-
ciently ~mall that the pressure had not significantly changed at this
stage.) From points O and A, point 1 was calculated; from 1 and A,
point B was calculated, and so on., In order to check the assumption
that the pressure had not dropped significantly at the point w=.0l,
the calculation was redone for a short way by starting with a point

with U set at .009 and p at 1.0, Th re:alculeted projectile path was
compared to that of the first calculation. The two paths agreed within
the gccuracy of the caleculation; thus, the gssumption used was justified,

whether the characteristic net was becoming too coarse or not was
detemined at various times by interpolating betwsen two calculated points
and then by using the interpolated point and one of the calculated poin.s
to recalculate the other calculated point. If the two sets of values
for this one point agreed within the accuracy of the calculation, the
net was considered to be sufficiently fine, To prevent the net from
becoming too course a parabols was fitted through the points in Figure
1) R, S and AA. With this parabola the puints T, U, V, W, X, Y and 2
were calculated and used to continue the characteristics net,

VIII. THE CALCULATED PROJECTILE VILOCITY FCR
A GUN WITH OPTIMUM CHAMBRAGE

The calculated values for points alons e projectile path are
given in Table I, The accuracy of these values is about 1/10%,

To determine the maximum projeciile velucity for the optimm chame
brage gun, the impulses traveling downstream toward the émo ectile mey
be examined., For each of these impulses the quantity + is a
constant, a different constant for each impulse, This sumof G + &
can be obtained in temms of the velocity at the beginning of the barrel
from equation (12);

L+& = 0, + {t-zu'/(u-n = U, |-5i§-,(15>

It is evident from equaticn (15) that at the beginning of the projectile
motior. the sum of W+ & is 1.0; as the gas velocity at the beginning of
the barrel section increases, the sum of U+ &; increases. The maximum
velocity with which pras can issue from the charber into the barrel is
the local velocity of sound™; this velocity is from the equation (12)

= 2 Qe
u"'mu) o8 %+ | )

¥=I

e -
U2 ax) {2 (x+) J

The sum of U,+0;18 a maximum when the gas velocity is this value;
hence, from (15) and (16) .

(6)

*his Is true for the unsteady gas flow case dealt with here, as well
29 for the usual steady [{low case.
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= _ ¥
(T, + Ty = I - (17)

The calculated velocity values at the beginning of the barrel
section - these values are not given here - demonstrate that the
maximum gas velocity of equation (16) 1s approached very rapidly, but
is only actually reached after an infinite period of time. Thus, during
the firing of an optimum chambrage gun the sum of W+&of the downstream
impulses and hence, of the gas directly behind the projectile which
these impulses reach, increases rapidly from the value 1 to close to
\(FTOV f o Therefore, the maximum projectile velocity, which occure
when the Riemann function, &, and the pressure of the gas behind the
projectile become zero, is

- - (= . ‘/ ¥+
WU projactite (Maz) (U. * a.)(MAt) = e ) (8)
vhich for & =1, is equal to 1,095LL5 or dimensionally, 5.477225 Q...

The calculated values of Table I show that the quantity U + &
for the gas directly behind the projectile can Le taken equal to sbout
1.096 above a projectile velocity of .2, Below this velocity, W+ &
can be approximated as a straight line function of L+ These consider-
ations yield the following approximats equutions for the pressure behind
the projectile in an optimum chambrape gun in terms of the projectile
velocity:

= T
p o= (1-.520)  for 0% ¢.2%

. (19)
p = (1096-T)  for 2¢U<10%,
or in dimensional symbols
7
-, 4
P = Po("‘%"‘a‘_'f_"‘ for 0% W& Qo*.,
(19)

w-.‘-bao"
P =Po("" % a. for a.fuss548a, .

Similar expressions could be written by analogy for an ideal gas of
¥ not equal to l.ke For example, at higher velocities the pressure

would b approximately 2%/(%-1)
P =< =E - E) . (20)

wor the reglon O‘tu' [4 .0‘ tﬁe Ste._w tlow equ.tlon’ g = |’5ﬁ._,‘.
is a better approximation, ( ’
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It is infomative to compare the optimum chambrage eun with a constant
cross-se. tional area gun with infinite chanmber volume., VWhile the latter
gun 1s one in which the projectile receives neither reflected compressions
nor rarefactions, the optimum chambrapge gun is one in which the projectile
receives only reflected compressions. Therefore, the difference between
the two guns is a measure of the compressive effect of chambrage., (It
is to te noted that these two puns would be equivalent from the standpoint
of the ordinary ballistic treatment of chambrage.)

The equations for the gas properties directly behind the projectile
in a constant cross-sectional area infinite chamber volume gun are (see
references 2 and 7)

L+& =1,
-\ 2%/ (¥=)

p= (I-%) e (21)

- | l)‘ Y — = |~ .'-;-l

X = i‘u—..y[ (- + 1] .

A comparison between the two runs is given in Figures 3 and L,

where plots of dimensionless projectile velccity rersus dimensionless
projectile travel are shown for a ¥= l.L propeilant cas. It is seen
that, as expectad, the velocity of ths ontimum rharbrage gun is always
greater than that of the infinite chambzi volume constant area gun for
equal gun lengths (i.c., for equal projectile travel). The difference
in velocity between the two suns becomes larger lor increasing gun
lengths until the optimum chambrage projectile velocity is absut 2 1/k
times the initial sound velocity (at which time it is 28% higher than
the constant area gun velocity)e. Thereafter, the difference in projectile
velocity between the two guns remains about the same value, slightly
under one=half of the initial sound velocity®. Figure 5 is a compariscn
between the two different guns of the prassure behind the projectile for

varying projectile velocities, Here, the increase in oressure as a
result of the compressions is quite evident,

The W& vs. X comparison for the two guns for ¥ = 1,25, an average
value for gun propellants, is shown in Figure 6, This plot was obtained
by siralogy to the ¥= 1.l results - see equation (20) - as outlined in
Appendix Vo It is to be emphasized that in an actual gun the projectile
velocity for a given projectile travel (and the pressure behind the
projectile for a given projectile velocity) cannot exceed the values
of the optimumm chambrage gun as shown in Figures 3, L, 5 and 6. (For
this consideration p,and a,are the values of the gas at rest in the
chamber of the actual gun at a time previous to that considered, when
the gas 1s at a maximum pressure,)

¥MiIs conclusIon can be arrived at Irom equations (19) and (21)e
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In cenclusion it can be stated that this calculation demonstrates
that charmbrage can have an important effect on the muzzle velocity
of guns, It is recommended that in order to calculate approximately

the charbrapge effect for a particular gun the methods of section X
be used, —

16
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TABLE I

POINTS ON PROJZICTILE PATH

POINT b4 t q G 7 |

0 +00000 .00 «00 1.0 1,0 20

A .00005 .01 .01 1.0 1.0 .20

B +0000554067 0105268 ,0105250 .998998 ,993010 ,199800
c .0000617411 0111125 ,0111081 .999790 ,998529 ,199958
D +0000692253 .0117670 .0117598 .996952 .992686 4199790
E «0000781588 ,0125037 0124927 .9995Lly 996810 ,199909
F .0000889376 ,0133388 .U133230 .¥$8838 ,991893 .,199768
G «000102112 ,0142936 .01L271L .99923L 994651 .1998L7
H 0000118LL3 0153957 .0153652 998619 .990373 +19972L
T 000139032 ,0166823 0166403 ,996810 991698 199762
J 000165492 ,0182036 .O181LE9 .998222 ,987621 .1996LL
¥ «000200299  ,0200309 .0199502 ,99t16L .968721% .199433
L 000247359  .0222665 0221520 o957):88 ,982547 199498
M 000313198 ,025C652 .O2R97G  o9970L9 979525 .199410
N «000409302 ,028670L 0284162 996013 .O72h2L 199203
0  .0U0557562 ,03:4918 L0330843 <99N7TL 963968 198955
P 000803863 ,0402720 .0395691 .9v253L .OLES93 158507
Q «00125663  ,0505197 .OL9S1670 .9REB13 .92L272 197763
R 00224508  ,067838L .O6LT61T .9B1368 B766LL 19627k
8 «00508249  .103535 0942130 .963958 L773L59 192794
T +00754581  ,1281LL  .11215L4 .95199L L.TO0B663 190399
U +0105371 «152111  ,128630 ,939520 LEL616L L18790L
v «011,968) 186006  L14931)  ,923913 L,57u669 184783
W «015475¢ J18940L  ,151325 .922260 567545  L18LLSL
X .0175628 0202997 159217 915687 ,539796 .1R3137
Y 0189640 0211493 L164031  L,911576 ,523058 ,182315
Z  .0196729 «2157L0 16640k 909523 5114868 ,181905
AA «02035LL 0219988  ,168758 907470 ,506787 L1819
BB «0505542 o371283 4231100 853025 3286449 170605
cC «128655 662417  J305429 783946 L181571 156789
oD 68806 2.1037  h65566 628181 0386006 ,125636
EE «898316 2.,557810 481310 .612713 L0324190 .1225L3
FF  2.847078 6.2866L8 4563927 4530940 0116937 ,1061¢8
GG 7.81863L  1L.598786 632288  Lub2¥0T ,LOLLLE 092581
HH 15,719393 26,69L660  L6TLO68 L2124l ,0023535 ,O8L2L82
II L0.219361  61.587hL3  .730231 365156 ,L0006656 ,0730312
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TABLE II

NOMENCLATURE
Q. - Velocity of sound
A. - Cross-sectional area of gun barrel
d - Diameter of gun barrel
D - Diameter of gun chamber
h - Eathalpy /
LL - Distance from bresch to chanze in area section
M = Mass of projectile except in Appendix IV where M designates

Mach number

P - Pressure
t - Time
WL -~ Mass gas velocity
U =« Internal energy of gas
X - Position of gas element from beginning of barrel

¥ = Specific heat ratio
b - Viscosity coefficient
P - Gas density

P
O - Riemann function o definad as L (dp/a. 9)3 t
SE entrepy

A symbol with a bar is dimensionless and is related to the dimensional
quantities by equations (10)., The subscript "o" refers to the constant
state of the gas at rest in the chamber; the subscript "2" refers to
the gas at the beginning of the barrel section,

18
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APPENDIX I
THE PRESSURE DROP FROM THE ACCELERATING PROJECTILE MOTINN

In order to study the pressure drop from the accelerating
projectile motion the special vase in 1hich the gas directly behind the
projectile roceives no reflected impulses should be examined; in this
case the pressure behind the projectile drops only as a result of the
accelerating projectile. Such a case is a constant cross-sectional
area gun with an infinite chamber volume.

From the characteristic equations (2) of the text it can be shown
for the gas in an infinite chamber constant csross-sectional area gun
that (see reference 2)

wu+o = o, ,
(a)
or du = "dO’,

or padu = -dp . ()

In particular equation (b) expresses the liirerential drop in pressurs

of the gas directly behind the projectile in terms of the gas density,
sound velocity, and differential velocity increase of tha projectile,

It is the analytic expression for the pressure d:rop from the accelerating
projectile motion., For ar 1deal pas isentropically expanding, equation
{b) can te integrated to eive 25/(5-1)

" - @) ¢

P = Pe [' z a, : &

It is seen from this equaiicn that the pressure drop tecomes larger
for larger oprojectile velocities, and that if the projectile ceases

to accelerste (i.e., the velocity is constant), there will be no addi-
tional drop in pressure,

Further insight into the pressure drop from the accelerating
projectile motion can be gained by examination of equation (b). From
this equation it is evident that the pressure drop for a given velocity
increase is determined only by the value of PQ of the gas; this
quantity is known as the *characteristic acoustic resistance® of the
gase It is the fundamental propellant gas property determining the
drop in pressure as a result of the accelerating projectile motion,
Therefore, for high muzzle velocities cne would desire a propellant gas
with a small characteristic acoustic impedance as a function of pressure
along the gas isent-ope,
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APPENDIX II

THE PRESSURE RISE OF THE GAS‘BEHIN'D THE PROJECTILE AS A
RESULT OF COMPRESSINN IMPULSES

The effact of the compression irpulses on the gas directly behind
the projectile can Le studied by examining the case when a projectile
in an optimum chambragze gun is made to accelerate instantaneously to
a eiven velocity and thereafter is made to move with this constant
velocity. In this case the projectile sheds rarefactions only at the
first instant; after this it sheds no rarefactions, because its velocity
is constant., Therefore, the pressure tehind the projectile after the
first instant will rise only as a result ¢ tne reflections from the
change in area section; since this change in area section is the optimumm
charbrage configuration, the pressure rise will be a maximm for the
given projectile velocity.

If the optimum chambrage condition of equation (12) of the text,

is applied to the heginning of the barrel; 2nd the characteristics
equation (2) of the text is aprlied +o the constant area barrel, the
pressure of the gas behind the projectile iin this cass of ccustant
projectile velocity can be easily obtained.

The rarefaction impulses which are shed by the projectile in this
first instant, travel to the change in area section, where they are
reflected as compression impulses., These compression impulises upon
reaching the gas behind the projectile raise the pressure of this gas;.
they are reflected as campression impulses from the projectile and
begin to travel back to the change in area section, If the projectile
velocity is too large, these compression impulses will not reach the
change in area section; if the projectile velocity is not too large,
thess impulses will reach the change in area section and be reflected
as marefactions. Wwhen these rarefactions reach the projectile, they
lower the pressure of the gas behind the projectile, are reflected, and
this reflection process continues, resulting in a decrszasing arplitude
rise and fall of the pressure of the gas bshind the projectile,

Thus, it is that as the velocity of the projectile rises instant-
aneously to the constant value, Wp , the pressure of the gas behind
the projectile drops to the value, 2%/08=1)

p= (| = Uap) .
Then, this pressure will ise tc some maximum value as a result of the
reflected compression impulses and (a) remain at this pressure in the

high velocity cases, or (b) will oscillate about a lower final pressure
in the low velocity cases. This behavior is Bhown in Firure 7, which

21
CONFIDENTIAL
SECTRITY INFORMATION



CONFIDENTIAL
NAVORD Report 2691

is a plot of the pressure behind the projectile as a function of the
constant projectile velocity for a ¥= 1,4 gas, Shown is the pressure
after the initial instant, the maximum pressure, and the final pressure.
It is rather astonishing that for dimensionless velocities less than
about (085 the pressure tehind the projectile rises to a value above
the initial value of the gas pressure,

(Since there are compressions present in the gas, there is a
possibility that compression shocks occur. It seems probable that such
shocks will occur in the hiph velocity cases; these would alter the
final pressure, but probably not the maximum pressure behind the pro=
Jectile., The existence of shocks has not been accounted for in Firure
7 and would not change the conclusions of this appendix,)

Figure 7 demonstrates that for a given constant projectile velocity
there corresponds a maximum rise in pressure possible by the action of
the compression forces, By comparison with Ficuve 5§ it is seen that
the pressure rise in the constant velocity case is always larger than
that which occurs in an optimum chambrage gun in which the projectile
velocity increases as a result of the gas pressure behind it. Further,
it is seen from Ficure 7 that as the projeciile velocity becomes larger
(after Up= ,085) the maximum pressure attainsble by the gas as a result
of the compresesions becomesless,

Finally, Figure 7 damonstrates that the pressure rise behind the
projectile is dependent alao on the thermodynamic state of tha gas in
the chamber at rest, This is seen by noting from the igure that if
either p, or Q,, (and consequently h, for this ideal gas) drops, the
rise in pressure for a given projectile velocity is less.
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APPENDIX ITI
3
perrvarron oF Bz (% +h) = 3%

If the first law of thermodynamics is applied to a pgas element,
the follgwing equation is obtained (Goldstein, reference -, pape 603,
et. seq.):

P2 i p (W) kY T+ B, @

where the left side represents the product of the gas density by the
time rate of change of the intermnal energy of the gas element; u, v,
and v are the velocity components in the x, y and g directions; KV |
is the rate of heat conduction to the gas elemeni (T being the temper-
ature), and the dissipation function § is the rate of w.rk done by the
fluid element against viscosity.

The equation of continuity is

t R =B o

xIE

Inserting (b) into (a), one cbtaine
DU _ o D¢ kV*T + (c)
PPt “ ¥ bt T ¢
The equation of motion for the gas elcment in the x direction is
Duw ) 2 ) v _ow
PRy = — 3% + MYusilk+Fa)o
two similar equations could be written tor the y and 2 directions, The
second tem on the right-hand side of cquation (d) is the viscous stress

component on the element in the x direction and chall ¢ desirnated
as *x o The equations of motion can thus be written as

?g%’=-%;+q)x)

gg_g=—%§+ ¥y (e)
w

D
95 = — 3 + ¢, .

If the three equations (e) are multiplied by u, v and w respectively
and added to equation (c), the following expression is obtained:

P%[U*'Hu"*‘u'z-'-w’)] = _E_,D_i + KVET

Dt -
-]
+ @ +ulFr +v-E ) rw B
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-)
Addingeo &to each side of the above squation results in

Dt
?%%[h +4 (w2 +‘u"+w")] = ;%E- + RV'T

(e)
+ ® + (“-‘Px + iy 'i'w"{'z))

where the enthalpy h has been inserted for \J +& . The left-hand side
of this equation represents the density multiplied by the time rate of

change of the sum of the enthalpy and the kinetic energy of the gas
olement,

If the gas flow is essentially one dimensional in the x direction,
the heats conducted between gas elements within layers normal to the
x direction are equal and opposite, as are the viscous effects, and
their sums are sero, If also the viscous effects and heats transferred
in the x direction are negligible, (ac ti.sy are in all guns), equation
(g) becomes for a gas

A
9%t(h+-:-'-) 2(—353:& ) B

vhich is equation (5) of the text. Thus, for flows which are one
dimensional (or approximately so,in which case an integrated average
over the Tas layer can ba employed) with the heat and viscous effects
in the direction of flow negligible, the equation (h) obtains for
the uniform gas layer.

For the reversible adiabatic (i.e., isentropic) flow of each gas
element there is no heat conducted to the element, and there are no
viscous effects, Thus, for each element

-g-t[h-b-ﬂu‘-o-‘\r‘-\-ur')] ‘—"'!9"'::{' . (2

If further the conditions at two sestions in the flow (e.g., at the
entrance and the exit to the change in area section of a chambered gun)
are one dimensional in space, between these two sections

a(he ) = (TRt

for each gas element, Thus, again for an isentropic flow the equatiun
(5) of the text is applicable, even though the flow is not one dimene
sional,

In generzl, flowa are not one dimensional, and the effects of the

gradients in the direction of the flow (i.e., the x direction) may not
be negligible., For such flows in which gas expands from & uniform

'l!E IB una5r95053 EBIE no HQ.E 1= laaﬁa to Uie gas EF.rouyE Eie HlIIS.
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one dimensional region (as near the breech of a gun), the value of the
integrated x component of velocity in the y=-z gcs layer would be less
than in the corresponding one dimensional flow case, for these two
re.sonst

(1) Because of the existcnce of velecsity components in the three
directioni some of the ldnetic energy of the gas would be i: the form
of (Vv +w") , leaving less in the form of 4 w® .

(2) Although the heats transferred between gas elements within
ras layers nomal to the x direction still tend to cancel each othe:,
as do the viscous effects, in this non-uniform expanding gas flow,
these effects in the x direction of flow dezrease the gradients which
exist within the gas; thus, the slow moviag sas would by viscous action
slow up the fast moving gas ahead of it,

Hence, the arguments of section V! thai optimum chambrage yields
a maximum velocity, is valid in the non-uniform general flow case.
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APPENDIX IV

THZ CONDITIONS UNDER WHICH THE OPTIMUM BURNING RATE IS
EQUIVALENT TO OPTIMUM CHAMBRAGE

The case is examined of a propellarn’ at the breech of a chambered
gun burming so that the propellant gas st rest maintains a maximum
allowable pressure p‘. in the chamber; this gas at rest is assumed to
be physically close to the change in area section., The conditions at
' the beginning of the barrel for such a gun (an optimum burning rate gun)
will be compared to corresponding conditions for an optimm charbrage
gun with gas at rest in the chamber at the pressure Pq o

With the assumption of one dimensional ilow the optimum condition
for the expanding gas (the condition yielding the maximum gas velocity
at the beginning of the barrel section) would ba described by the steady
flow energy equations as in the case of piimmm chambrage. Thus, the
steady flow energy equations describing the flow for the optimum burning

rate gun are

a+he = h+¥ = h+L=2 h,, ®

vhere Q is the heat of reaction, the subsneripi "g" refers tc the high
pressure conditions at the back c¢f Lne buming (see sketch below) sore,
subscript "1" refers to conditions in the chamber afte: burriyg,
subscript "2" refers to conditions at the beginning of the dbaire?,

and inbscrlpt no® refers to the stagnation condition for the flow

at nn,

BuRNiNG ZONE
Equation (a) demonstrates that the buming can be visualized as

an addition of heat to a propellant which is initially at the rest state

ndn at low temperature and high pressure Ps . (It is to be noted that

the burning propellant produces high temperature gas at "1® that is

not at rest. The pas a2t rest at the maximum allowable pressure p'is

at the back of the burning zone,) Further, the equation shows t

the gas at "2" can be considered to have expanded from the stagnation

state with enthalpy he , adiavatically,

*The burning of tha propellant is viewed here as occurring instanta-
necusly; thus, the steady flow energy equation is used.
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Tf the flow is considered as an isentropic ideal gas flow, the
appiicable steady flow diabatic and adisbatic equations (see, for
exarple, Hall, reference 9) yield the following expressions:

\ + ¥M
£ = ’('"j-i_r,;,;gpm-o ’ )
-| 2
™ __._M_‘(I + ¥ m
Al. M| | + ’i—‘ Mg ) ; . (c)

where M is the Mach number, %_.

It is seen from the above equations that when the ratio of the
chamber area to that of the barrel, A,/A;, is infinite, My is gero,
and P, is equal to Pe. For this case tii -piimum buming rate gun
is equivalent to the optimum chambrage gun, since both expansions can
be considered to occur adiabatically from the stagnation state mO"
at the same enthalpy and pressure, However, when the ratio A/Ar
is finite, My is greater than 2ero, and F'. is greater than P,.
Therefore, in this latter case if the optimum burnine rate ;un is
limited to the same peak pressuie as the ortiium chambrage gun, the
stagnation pressure of the provellzil gas after burning (at point "1v)
for the optimum burning rate gun ( f. ) i3 lower than the stagnation
pressure of the propellant gas in the optimum chambrage mun after
buming (equal to p.‘ Jo Consequently, since both sases expand from
the sams stagnation enthalpy, the velocity at the beginning of the
barrel in the optimum burning rate gun with finite A,/Aswill be less
than that of the optimum charbrage gun. How much less depends on
the ratio of Po/Pes

The ratio py/p,has been calculated from equations (b) and (¢)

as a function of A,/A; for the case where M is equal to one (its
maximum valus). ForA,/Azequal to one, (%=1

"E;':' - (K"")( gi| )

= L2269 for ¥= L4,

(d)

A listing is made below of py/p, for various values of A,/Aefor
% = L at M=l

A
-
rvinasl B 2 3 4
p. s )
3 27 106 .03 1.015
CONF IﬁNTIAL
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Since the condition H2==1 was taken, the above values are the maximum
values of the ratio pj/pPe for the piven area ratio A/Ag ; for any
lower value of My, the values of p,/p,are less,

From this discussion it is apparent tuat the optimum buining rate
gun is equivalent to the optimum chambrage run only when A,/Ads greater
than about 2 or 3. If A,/Ag s less tha: 2 or 3, the projectile velocity
for the optimum burning rate gun will be less than that of the optimum
chambrage gun, Further, by the use of equations (b) and (c¢) the
calculations made for an optimum charbrage gun can be changed ic apply
to an optimum burning rate gun of finite A/Ag,
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APPENDIX V

METHOD OF OBTAINING THE APPROXIMATE U VS X CURVE FOR
AN OPTIMUM CHAMBRAGE GUN WITH ¥ EQUAL TO 1.25

By analogy with the ¥= 1.4 calculation the projectile velccity
versus the projectile travel for a ¥ = 1,25 gas can be obtained. FKor
the region o€ UL € .08 the steady flow energy equation was found
to be a pood approximtion to the optimum chambrage case for the
¥ = 1.4 gas, although this approximation yielded larger velocities
for given travels, For the region .08< U & .2 4 good approximatin~n
for U+ & was found to be a straight line function of G. Above
U = .2 the quantity B+& conld be approxizately taken as equal to
the limiting velocity for the ¥=|l.4 case, although this too gave
higher velocities for given travels.

These con.icerations lead by analogy to the following equations
for ¥ as a function of U for the ¥ = 1,25 gas in an optimum chambrage

guns

X = = @ ¢ <7 &.08
X - [(i - sn‘)‘] d L >
. al
X o= Kot g (2B o, oscis.2,
(l -070') a‘.oa

=\
- = . — d ;s é_ - L)
X X2 +‘7’é[\awas -y ]&‘3 for 2 UsViizs,

These approximate equations will yield slightly higher velocities
than an exact calculation would yield for the given projectile travel.
A plot of W va X gas calculated from these equations is given in

Figure 6¢
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VOLUME

IN THE LOWER VELOCITY REGION

\—mm DIAMETER GUN WITH

FIG. 4 COMPARISON OF OPTIMUM CHAMBRAGE GUN WITH CONSTANT DIAMETER
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FIG.7 PRESSURE BEHIND A PROJECTILE MOVING AT
CONSTANT VELOCITY IN AN OPTIMUM
CHAMBRASE GUN |

I
: l
1.4
i MAXIMUM PRESSURE, —
Pu THE WISTORY OF PRESSURE BEMIND
PROJECTILE AND OF THE PROJECTILE
VELOGITY
(]
4 1
FINAL PRESSURE, .‘, 3
' F ] P 4 ':'- '8 F. "'
: . g A= n 1 l
3 :num Tieg
g |
- g 2 o CONSTANT PROJEGTILE
g a.a‘._m-n‘ | vELOCITY
. g ) ) i
] .-I DIMENSIONLESS TINE
y —
g o F——MAXIMUM AND FINAL PRESSURE
; |
P - |
|
e PRESSURE AFTER .
I INITIAL INSTANT,
| "]
ol '
. *
0 «l N o K ) N ] N A

CONFILTNTIAL
SECURITY INFORMATION

DIMENSIONLESS CONSTANT PROJECTILE VELOCITY 2a, /uéa_ =

36




